In the course of studies on glutaminedependent carbamyl phosphate synthetase from Aerobacter aerogenes, we purified another protein which was found to be glutamate synthase (EC 2.6.1.53). The enzyme, obtained in apparently homogeneous form (monomer molecular weight about 227,000; s2ow = 17.6 S), was found to be a typical glutamine amidotransferase in that it exhibits glutaminase activity and can utilize ammonia in place of glutamine as a nitrogen donor. Earlier work in this laboratory showed that glutamine-dependent carbamyl phosphate synthetase from Escherichia coli consists of a heavy subunit which can catalyze the synthesis of carbamyl phosphate from ATP, bicarbonate, and ammonia (but not from glutamine), and a light subunit which functions to bind glutamine (1, 2). In subsequent hybridization experiments with glutamine dependent carbamyl phosphate synthetase from Aerobacter aerogenes, it was found that the light subunit of the A. aerogenes enzyme could combine with the heavy subunit of the E. coli enzyme to form an active glutamine-dependent hybrid enzyme; similarly, an active hybrid enzyme could be prepared from the light subunit of the E. coli enzyme and the heavy subunit of the A. aerogenes enzyme.* In the course of isolating glutamine-dependent carbamyl phosphate synthetase from A. aerogenes, we noted during a gel filtration step in the procedure that another protein had also been purified (see first peak, Fig. 1 ). The catalytic properties of this protein were initially obscure, but we decided to pursue study of this apparently homogeneous protein after we found that it exhibited glutaminase activity and that it could be split to a heavy and a light subunit when subjected to polyacrylamide gel electrophoresis in sodium dodecyl sulfate.
molecular weight about 227,000; s2ow = 17.6 S), was found to be a typical glutamine amidotransferase in that it exhibits glutaminase activity and can utilize ammonia in place of glutamine as a nitrogen donor. The enzyme also catalyzes at low rates the oxidative deamination of glutamate in the presence of TPN, and it exhibits TPNH oxidase activity. The enzyme is similar to the glutamate synthase found in Escherichia coli in that it is an ironsulfide flavoprotein. Treatment of the enzyme with sodium dodecyl sulfate or potassium thiocyanate dissociates it into nonidentical subunits exhibiting molecular weights of about 175,000 and 51,500. The glutamine-dependent activity of the enzyme is inhibited by L-2-amino-4-oxo-5-chloropentanoic acid, but this chloroketone analog of glutamine does not affect the ammonia-dependent glutamate synthase activity. Studies with [14Clchloroketone show that the reagent binds to the heavy subunit only. Inhibition by the chloroketone and its binding to the heavy subunit are markedly reduced in the presence of L-glutamine. Sedimentation velocity studies carried out in potassium thiocyanate indicate that iron-sulfide and flavin sites are also located on the heavy subunit. While these studies show that glutamate synthase resembles other glutamine amidotransferases in certain of its catalytic properties, the findings indicate that the light subunit of this enzyme, in contrast to that of several other glutamine amidotransferases, does not function to bind glutamine. It is of interest that the enzyme exhibits an unusually high affinity for ammonia as compared to a number of other glutamine amidotransferases. Glutamate syntlhase is inhibited (competitively with respect to glutamine) by low concentrations of methionine sulfone, methionine sulfoximine, and methionine sulfoxide.
Earlier work in this laboratory showed that glutamine-dependent carbamyl phosphate synthetase from Escherichia coli consists of a heavy subunit which can catalyze the synthesis of carbamyl phosphate from ATP, bicarbonate, and ammonia (but not from glutamine), and a light subunit which functions to bind glutamine (1, 2) . In subsequent hybridization experiments with glutamine dependent carbamyl phosphate synthetase from Aerobacter aerogenes, it was found that the light subunit of the A. aerogenes enzyme could combine with the heavy subunit of the E. coli enzyme to form an active glutamine-dependent hybrid enzyme; similarly, an active hybrid enzyme could be prepared from the light subunit of the E. coli enzyme and the heavy subunit of the A. aerogenes enzyme.* In the course of isolating glutamine-dependent carbamyl phosphate synthetase from A. aerogenes, we noted during a gel filtration step in the procedure that another protein had also been purified (see first peak, Fig. 1 ). The catalytic properties of this protein were initially obscure, but we decided to pursue study of this apparently homogeneous protein after we found that it exhibited glutaminase activity and that it could be split to a heavy and a light subunit when subjected to polyacrylamide gel electrophoresis in sodium dodecyl sulfate.
These observations led us to think that the new protein might be a glutanmine amidotransferase, and after testing it for the activities of the several known enzymes in this category we discovered that the new protein is glutamate synthase (EC 2.6.1.53) whose major catalytic activity is to form glutamate from a-ketoglutarate and glutamine according to the following reaction (3-5): a-ketoglutarate + TPNH + H+ + L-glutamine 2 L-glutamate + TPN+ Several glutamine amidotransferases [e.g., carbamyl phosphate synthetase (1, 2) , anthranilate synthetase (6), p-aminobenzoate synthetase (7) ] are composed of a heavy and a light subunit, and there is strong evidence in each case that the light subunit has the function of binding glutarmine; the amide nitrogen is then transferred to the heavy subunit for use in the corresponding synthesis reactions. We therefore expected that the light subunit of A. aerogenes glutamate synthase would contain the glutamine binding site of this enzyme. However, as described here, we found that the glutamine binding site of glutamate synthase is located on the heavy subunit. Miller and Stadtman (8, 9) had previously shown that glutamate synthase from E. coli is an iron-sulfide flavoprotein. We have found that the A. aerogenes glutamate synthase is also an iron-sulfide flavoprotein and that a substantial fraction of the iron and flavin (FMN and FAD) are located on the heavy subunit of the enzyme. In the course of this work we also found that highly purified glutamate synthase preparations (apparently free of glutamate dehydrogenase) can catalyze the reductive amination of a-ketoglutarate with ammonia; although the enzyme is much more active with glutamine than with ammonia, it is of interest that its affinity for ammonia is relatively high.
EXPERIMENTAL
Materials. Aerobacter aerogenes (8/4 through log phase) was grown at the New England Enzyme Center on minimal salt medium (10). L-2-Amino-4-oxo-5-clhloro- [5-14C] pentanoic acid was prepared as described (11) . L-Glutainine, NN-dimethylp-phenylenediamine-JICI, DPNH was added (final volume, 0.3 ml). After 1.5-2 min, the reaction was stopped by adding 0.1 ml of 1 N HCl and the solution was placed at 00 for 10 min. After neutralization with 0.1 ml of 1 M Tris, the mixture was placed on a Dowex-1 acetate column;
[I4C]glutamate was eluted with 0.3 N acetic acid, which does not elute ca-ketoglutarate. (c) The reaction mixture given in (a) was used and the glutamate formed was determined with a Durrum model 500 amino acid analyzer. TPNH oxidase activity was assayed as in (a) without added nitrogen donor. The reaction of TPN and L-glutamate to form TPNH was carried out with reaction mixtures containing enzyme, 1.1 mM TPN, 10 mM L-glutamate, and 100 mM T'ris-H.HCl (pH 7.8) in a final volume of 0.5 ml; the increase in absorbance at 340 nm was followed. Glutaminuase was assayed at 370 in reaction mixtures (final volume, 0.3 ml) containing enzyme, 10 mM L-glutamine, 100 mMd Tris HCl (pH 7.8). After 5 min, 0.1 ml of 1 N HCl was added, and the solution was placed at 00 for 10 min. The reaction mixture was neutralized with 0.1 ml of 1 M\ Tris and the glutamate formed was determined by the DPN-glutamate dehydrogenase assay (12) . Carbamyl phosphate synthetase activity was determined by quantitating the amount of ADP formed, as previously described (10) . Iron was measured by the 1,10-phenanthroline method (13) . Labile sulfide was determined by the formation of methylene blue from N,N-dimethyl-p-phenylenediamine (14 (16) .
RESULTS
Purification of the Enzyme. Glutamate synthase was obtained by the procedure previously used for the isolation of carbamyl phosphate from E. coli (10) . This method involves sonication, heating in the presence of glutamine, treatment with protamine sulfate, ammonium sulfate fractionation, and chromatographies on DEAE-Sephadex and Sephadex G-200.
Glutamate synthase is eluted in the void volume of the latter column and thus is separated from carbamyl phosphate synthetase (Fig. 1) Physicochemical Properties ( Table 2 ). The purified enzyme gave a single band on polyacrylamide gel electrophoresis (17) in 0.1 M Tris-acetate (pH 8.0) (Fig. 2A) . It also gave a symmetrical boundary in sedimentation velocity runs in the analytical ultracentrifuge. The sedimentation coefficient. determined at relatively low protein concentration, is 17.6 S. However, in the presence of sodium dodecyl sulfate (18) , two bands were seen on polyacrylamide gel electrophoresis; these exhibited molecular weights of about 175,000 and 51,500 ( Table 2 ). The relative intensity of the higher molecular weight band to that of the lower molecular weight band after staining with Coomassie blue was about 3.5 to 1 (Fig. 2B ). After the enzyme had been in a buffer containing 1.2 M KSCN for 1 hr at 40, two boundaries, which exhibited sedimentation coefficients of about 8.3 S and 3.4 S, were observed in the ultracentrifuge (Table 2 ). Such treatment of the enzyme led to loss of catalytic activity, which was not restored by removal of thiocyanate. The correspondence of the observed boundaries with the heavy and light subunits of the enzyme was also shown by Sephadex G-200 chromatography in 1.2 M KSCN. Polyacrylamide gel electrophoresis of different fractions obtained from the column effluent confirmed dissociation into subunits.
The absorption spectrum of the enzyme, which is similar to that reported for the E. coli glutamate synthase (8, 9) , exhibited maxima at 278, 375, and 447 nm, as well as a broad shoulder of low absorbance extending above 500 nm. Consistent with this spectrum and in general agreement with the findings on the E. coli enzyme (8, 9) , glutamate synthase was shown to contain iron (mainly ferrous), sulfur, and both FMN and FAD ( Table 2 ). The presence of both FMN and FAD was confirmed by silica gel chromatography.
In order to establish which subunit contains the flavin and iron-sulfide binding sites, we performed sedimentation velocity runs in 1.2 M KSCN [in 0.2 M potassium phosphate (pH 7.6) containing 0.5 mM EDTA] and observed ultraviolet absorbance at 450 and 550 nm. At 450 nm both iron-sulfide and flavin absorb, whereas at 550 nm the absorbance is due only to the iron-sulfide linkages (19) . Titration with dithionite indicated that about 60% of the absorbance at 450 nm is due to flavin. In each case 85-90% of the sedimenting absorbance was present in a single boundary, which exhibited a sedimentation coefficient virtually identical to that of the heavy subunit observed at 280 nrn. The most straightforward conclusion is that most, but not necessarily all, of the ironsulfide and flavin binding sites are located on the heavy subunit.
Inhibition of Glutamine-Dependent Activity by L-2-Amino-4-oxo-6-chloropentanoate. When the native enzyme was preincubated with a low concentration (55 MM) of L-2-amino-4-oxo-5-chloropentanoate (20) , there was rapid loss of glutaminedependent activity (Fig. 3) ; addition of 10 mM iglutamine provided substantial protection against inactivation. The glutaminase activity of the enzyme was similarly inhibited by the chloroketone and protected by glutamine. However, the chloroketone had no effect on the ammonia-dependent activity. When the enzyme was incubated with [14C ]chloroketone under similar conditions, and then subjected to polyacrylamide gel electrophoresis in sodium dodecyl sulfate, 90% of the radioactivity was found in the heavy subunit (Fig. 4) . The radioactivity incorporated into the protein under these conditions corresponds to the binding of 1.1 mole of analog per 227,000 g of enzyme. The addition of glutamine reduced the incorporation of radioactivity by 52%. Thus, a site interacting with both glutamine and the chloroketone glutamine analog is localized on the 175,000 molecular weight subunit.
We have observed that imethionine, which inhibits the E. coli enzyme (8, 9) , also inhibits the glutamine-dependent activity of the A. aerogenes enzyme. However, imethionine sulfone, L-methionine-SR-sulfoximine, and L-methionine-SRsulfoxide were found to be much more potent inhibitors than methionine. Thus, the respective concentrations necessary for 50% inhibition (with 0.5 mM glutamine and saturating concentrations of the other substrates) are 0.005, 0.35, and 0.7 mM, compared to 6 mM for L-methionine. All of these compounds were shown to inhibit competitively with respect to L-glutamine. In this respect glutamate synthase differs from carbainyl phosphate synthetase, which is not appreciably inhibited by methionine sulfoximine and methionine sulfone. It seems of interest that both glutamate synthase and glutamine synthetase are inhibited by these methionine derivatives; however, inhibition of the latter enzyme involves phosphorylation of the inhibitor as well as substrate compe-
tition. DISCUSSION
That the synthesis of glutamate can be catalyzed by a glutamine-dependent enzyme was first shown in A. aerogenes (3) and later in other prokaryotes (4, 5, 8, 9, 21) and in yeast (22, 23 with ammonia is only 5% of that observed with glutamine, but it is of interest that the enzyme evidently has a relatively high affinity for ammonia. The yeast enzyme (23) is about as active with ammonia (relative to its activity with glutamine) as the A: aerogcnes enzyme, while the E. coli enzyme (8, 9 ) is essentially inactive with aminonia. It cannot be unequivocally excluded that this activity is catalyzed by a trace of contaminating glutamate dehydrogenase, but this possibility appears to be minimized by the fact that the ammonia-dependent activity persists even after repeated chromatography on Sephadex G-200 and Sepharose 6B. A number of the characteristics of the glutamate synthase from A. aerogenes described here are similar to those reported for the E. coli enzyme (8, 9) . It seems significant that two different purification schemes yield apparently homogeneous preparations which exhibit two bands on sodium dodecyl sulfate-polyacrylamide gel electrophoresis. In each case, the relative staining intensities of the two bands suggests a oneto-one molar ratio of the chains. These results make less likely the possibility that the light subunit is produced from a contanminating protein. It is of interest that the light subunits from the two bacteria have virtually identical molecular weights, whereas the heavy subunit from the A. aerogenes enzyme is significantly larger (molecular weight: 175,000) than that from the E. coli enzyme (molecular weight: 135,000).
The present work indicates that the heavy subunit of the A. aerogenes enzyme contains the binding sites for glutamine, flavini, and iron-sulfide. That a small fraction of the ironsulfide or flavin may be located on the light subunit cannot be definitely excluded by the sedimentation velocity data presented here. The catalytic significance of the light subunit requires further study. Although dissociation of the enzyme by treatment with 1.2 M potassium thiocyanate led to loss of synthase activity, it was not restored by removal of thiocyanate. We have recently found that addition of dithiothreitol, 2-ketoglutarate, and L-glutamine protects against inactivation by thiocyanate to some extent. This suggests that it may be possible to achieve dissociating conditions under which enzymatic activity is retained, thus making it feasible to approach directly the problem of the function of the light subunit.
